In order to test whether or not the presence of intact diatoms (and other phytoplankton) inhibits hatching of copepod eggs, hatching success was measured for Calanus finmarchicus eggs collected from freshly captured females incubated in filtered seawater (FSW), in natural phytoplankton mixtures (collected at the depth of the chlorophyll maximum), and in a culture of Thalassiosira weissflogii. When compared with eggs incubated in FSW, hatching success was generally the same in the natural phytoplankton mixtures, but lower for eggs incubated in the T. weissflogii culture. Hatching success was also uncorrelated with the abundance of phytoplankton available in situ. The results suggest that hatching success is generally high for eggs produced by female C. finmarchicus feeding during spring bloom conditions in the Northwest Atlantic, and also that it is not generally reduced by toxins exuded by natural phytoplankton assemblages in situ.
Introduction
Rates of copepod egg production are sometimes used as estimates of recruitment. However, hatching success of newly spawned eggs in many copepod species varies between 0 and 100% (Poulet et al., 1994 Ianora et al., 1995) . Therefore, if it is assumed that all eggs are viable, recruitment rates may sometimes be seriously overestimated. Recent work has identified several potential explanations for reduced viability in copepod eggs, including female nutrition (Ambler, 1985; Ianora et al., 1992; Jó nasdó ttir, 1994; Guisande and Harris, 1995; Jó nasdó ttir and Kiørboe, 1996; Pond et al., 1996) , the production of inhibitory compounds by phytoplankton, specifically diatoms (Poulet et al., 1994; Miralto et al., 1995; Ianora et al., 1995 Ianora et al., , 1996 Chaudron et al., 1996; Uye, 1996; Ban et al., 1997) , lack of initial fertilization or re-mating (Marshall and Orr, 1955; Ianora et al., 1989) , and anoxia (Ambler, 1985) . The last two are generally not of significance for Calanus spp., because they appear to require only one mating (Marshall and Orr, 1955) and anoxia is seldom encountered outside estuarine environments. The relative importance of the first two is a matter of some controversy (e.g. Jó nasdó ttir et al., 1998; Ianora et al., 1999) .
The occurrence of noxious or toxic compounds in phytoplankton is well known: several have been identified in dinoflagellates, cyanophytes, and chrysophytes, and they are often implicated in fish kills and outbreaks of shellfish poisoning (Turner and Tester, 1997) . Until recently, the only toxin known in diatoms was domoic acid, which is produced by some members of the genus Pseudo-nitzschia, formerly Nitzschia (Bates et al., 1989; Hasle 1994) . In several recent studies, freshly spawned eggs were exposed to extracts made by homogenizing and centrifuging diatoms. When these extracts were added to suspensions of copepod eggs, hatching success generally declined as the concentration of extract was increased (Poulet et al., 1994; Ianora et al., 1995 Ianora et al., , 1996 Miralto et al., 1995; Chaudron et al., 1996; Uye, 1996) , suggesting that there are compounds within diatoms that block development of copepod eggs. However, Jó nasdó ttir and Kiørboe (1996) suggested that the effect of diatom extracts used might have been indirect: the concentrated extracts may have caused anoxia at high concentrations, attributable to bacterial respiration of the dissolved organic material. They observed that oxygen was depleted in treatments containing extracts, and that hatching success in Acartia tonsa was not reduced when aeration was supplied to the treatments. They suggested that the effect of diatom extracts on egg viability was in fact a laboratory artefact. The effect and incidence of anoxic or hypoxic conditions in these types of incubations is uncertain, because inhibitory effects of diatom extracts have been observed in studies where the treatments were aerated (Centropages typicus: or axenic cultures were used (Acartia clausi: Ianora et al., 1996) . Recently, it has been reported that specific aldehydes isolated from Thalassiosira rotula cultures are capable of inhibiting cell division in copepod eggs Miralto et al., 1999) . The universality of these aldehydes among other diatom taxa and the mechanism by which they inhibit embryogenesis are, as yet, unknown.
Reports in the literature so far have demonstrated effects on copepod egg viability of intact phytoplankton cells in their capacity as food for females, and of diatom extracts directly. There have been no observations of the direct effects of intact diatoms, at in situ concentrations, on egg viability. In this paper we describe a series of experiments in which we examined the effects of diatom cultures and in situ phytoplankton assemblages on the hatching success of eggs collected from C. finmarchicus in the Northwest Atlantic.
Materials and methods
Egg viability was measured using eggs from egg production experiments carried out on the Scotian Shelf from 18 April to 2 May 1997, and in the Labrador Sea from 9 May to 9 June 1997 . Briefly, groups of 20-30 female Calanus finmarchicus were collected from 50 m to the surface with a plankton net 0.75 m in diameter (200-m mesh, 3 l closed codend), and incubated for 24 h in individual 50 ml petri dishes.
Eggs from the incubations were pooled and an arbitrarily selected subsample of 300 eggs was gently transferred by Pasteur pipette (mouth diameter 1.1 mm) into a 20-ml glass scintillation vial, topped up to 15 ml with FSW, and then distributed equally among three more vials (5 ml per vial), also by pipette. The medium in each vial was then drained and replaced three times by serial dilution (35-m Nitex on 4 mm Tygon tubing; this allowed most phytoplankton to pass through while retaining the eggs) with: (1) filtered sea water (FSW), (2) water from the depth of the chlorophyll maximum layer (CHLMAX), or (3) a concentrated culture of Thalassiosira weissflogii (THA). The FSW and CHLMAX water were collected from the station where the females were collected: FSW was collected close to the surface (0-3 m) and filtered through a Whatman GF/F filter (nominal pore size 0.2 m), and CHLMAX water was collected at the depth of the chlorophyll maximum as determined by an in situ fluorimeter profile (Chelsea Aquatracka III) with a biological pump or CTD rosette bottle. FSW and CHLMAX water were incubated in the dark in a deck tank at surface temperatures during the 24 h period when the females were producing eggs. The THA culture (T. weissflogii clone CCMP 1336) was kept in semicontinuous culture in f/2 medium (Guillard and Ryther, 1962) at ambient light intensity (<150 mol quanta m 2 s 1 ) and 15 C. Each experimental treatment containing 100 eggs was divided by pipette into triplicate 2-ml tissue culture wells, and the initial number of eggs in each replicate was counted under a dissecting microscope. Treatments were incubated in the dark, at approximately surface temperature. Each treatment was incubated for at least 4 d to allow all viable eggs to hatch, following the embryonic development times (D; days) given by Corkett et al. (1986) as D=691(T+10.60) 2.05 which gives times of 5 d at 0 C and 2 d at 8 C. Following the incubation period, the number of unhatched eggs was counted with a dissecting microscope, and the number surmised to have hatched was converted to a percentage of the initial number of eggs in each replicate.
Concentrations of chlorophyll a were used as a measure of phytoplankton concentration in the CHL-MAX and THA treatments (Labrador Sea cruise only). At the beginning of each experiment, known volumes of water from each treatment (typically 100 ml for CHL-MAX and 10-15 ml for THA) were filtered onto a Whatman GF/F filter, extracted in 90% acetone for 24 h and analysed with a Turner Designs fluorimeter (model 10-AU) using the methods of Holm-Hansen et al. (1965) . In situ phytoplankton species assemblages were identified and enumerated from integrated water column samples (0-50 m) preserved in Lugol's solution, collected on the WOCE-AR7W line (54 N 55 W to 60 N 47 W) and on the Scotian Shelf in April-May 1997 (W. K. W. Li, Ocean Sciences Division, Bedford Institute of Oceanography, unpublished data). . Most stations where hatching success experiments were conducted were exhibiting spring bloom conditions , as defined by in situ concentrations of chlorophyll a >100 mg m 2 and NO 3 concentrations >1 mol l 1 . A smaller number of stations (n=6) showed ''late bloom'' conditions (chlorophyll a >100 mg m 2 and NO 3 <1 mol l 1 ), and one ''post-bloom'' (chlorophyll a <100 mg m 2 and NO 3 <1 mol l 1 ). Although phytoplankton species compositions in the CHLMAX treatment were not assessed directly, diatoms and dinoflagellates were generally abundant in the replicates of that treatment. Diatoms were generally the most common phytoplankton taxa in terms of both occurrence (Table 1 ) and abundance (Table 2) . Hatching success in the FSW and CHLMAX treatments was not significantly correlated with the abundance of any phytoplankton taxa, nor with the abundance of flagellates and ciliates ( Table 2) .
The effects of the two phytoplankton treatments were compared on a pairwise basis with the FSW treatment (at stations where they were run concurrently) to examine relative hatching success (Figure 1) . The FSW treatment was not strictly a control, because any dissolved inhibitory compounds present in natural seawater would presumably not have been removed by passing through a 0.2 m filter. However, the FSW treatment does provide a baseline with which the effects of the other treatments may be compared. Hatching success in the CHLMAX treatment was generally slightly higher than that in the FSW treatment, as evidenced by a slope not significantly different from 1 and an intercept significantly greater than 0 (Table 3) . Hatching success in the THA treatment, however, was consistently lower than in the FSW treatment, as evidenced by an intercept significantly less than 0 (Table 3) .
Discussion
Overall, the results suggest that hatching success of Calanus finmarchicus eggs was not reduced by phytoplankton mixtures occurring naturally at in situ concentrations. Comparison of the two phytoplankton treatments (CHLMAX and THA) with the FSW ''control'' on a station-by-station basis showed that the CHLMAX treatment generally gave the same results as the FSW treatment, while hatching success in the THA treatment was generally lower (Figure 1) , implying that the CHLMAX treatment had little or no effect on hatching success. These observations do not indicate that diatoms do not contain compounds that inhibit the hatching of C. finmarchicus eggs, but rather that, at concentrations approaching those found in nature, intact phytoplankton (which included large numbers of diatoms), or exudates from them, did not affect hatching success. The slight reduction in egg viability observed in the THA treatment may have been caused by one of a number of factors or a combination of several factors, Figure 1 . Relationship between mean hatching success in the FSW treatment and hatching success in the CHLMAX and THA treatments from eggs collected from females over the Scotian Shelf (circles) and in the Labrador Sea (squares). Letters denote station names given in Table 2 . Lines were fitted by reduced major axis regression, and the dotted line denotes a 1:1 relationship. Bars are standard deviations from triplicate experiments; n=21 for both regressions.
including anoxia caused by bacterial respiration (the cultures were not axenic) and/or the presence of inhibitory compounds. However, even the lowest hatching success in the THA treatment (73%), was much higher than has been observed in in vitro studies elsewhere, where high diatom extract concentrations have caused mortalities in the range 90-100% (Poulet et al., 1994; Uye, 1996) . In fact, levels of hatching success observed in this study were generally higher than previous estimates of in situ hatching success (e.g. <30%: Laabir et al., 1998) .
Hatching success was negatively correlated with diatom extract concentrations in studies where extract concentrations were derived from culture concentrations of 0-10 6 cells ml 1 Uye, 1996) and 0-10 7 cells ml 1 3.4 10 6 cells ml 1 ); also in the same range of concentrations used in previous studies. As the phytoplankton abundances given in Table 2 were from samples collected in situ, they reflect the food available to those females that produced the eggs in this study. Calanoid copepods are known to ingest nonphytoplankton prey (such as flagellates and ciliates; e.g. Gifford, 1993) as well as phytoplankton. However, hatching success in the FSW and CHLMAX treatments was not significantly correlated with the abundance of any of the phytoplankton groups, or with flagellates or ciliates ( Table 2) . Feeding on more than one type of prey might obscure such simple linear correlations, and could also reduce the amount of potentially toxic diatoms ingested.
The results presented here show that the presence of intact phytoplankton did not lead to increased egg mortality over and above egg mortality observed in the FSW controls, a finding that has implications in the ongoing debate over toxic interactions between diatoms and copepods. The toxic effects of homogenized diatoms are well documented (Ianora et al., 1989 (Ianora et al., , 1992 Poulet et al., 1994 Poulet et al., , 1995 Miralto et al., 1995) , and there are also numerous studies documenting reduced hatching success in females reared on diatom diets (Jó nasdó ttir, 1994; Chaudron et al., 1996; Jó nasdó ttir and Kiørboe, 1996; Pond et al., 1996) . The present study suggests that leakage of toxic exudates by whole phytoplankton cells is not an important source of mortality in copepod eggs. Moreover, the data are predominantly taken from the spring bloom, which is when the bulk of C. finmarchicus reproduction occurs (Marshall and Orr, 1955) . For C. finmarchicus in the Northwest Atlantic at least, feeding on diatom-rich phytoplankton mixtures in situ does not result in the production of large numbers of non-viable eggs. Further work addressing the importance of maternal nutrition (Jó nasdó ttir et al., 1998) and identification of the toxic compounds within diatoms Miralto et al., 1999) will no doubt aid in resolving the current controversy over how toxic compounds within diatoms influence copepod fecundity. Table 3 . Summary of tests on the slopes and intercepts of the lines describing the relationship between arcsin square-root-transformed percentage hatching in the FSW treatment and the three treatments containing phytoplankton (see Figure 1) . Tests involving slopes test the null hypothesis that =1, and tests involving intercepts test the null hypothesis that =0; n=21. 
